The complete sequence of the male-specific region of the human Y chromosome (MSY) has been determined recently; however, detailed characterization for many of its encoded proteins still remains to be done. We applied state-of-the-art protein structure prediction methods to all 27 distinct MSY-encoded proteins to provide better understanding of their biological functions and their mechanisms of action at the molecular level. The results of such large-scale structure-functional annotation provide a comprehensive view of the MSY proteome, shedding light on MSY-related processes. We found that, in total, at least 60 domains are encoded by 27 distinct MSY genes, of which 42 (70%) were reliably mapped to currently known structures. The most challenging predictions include the unexpected but confident 3D structure assignments for three domains identified here encoded by the USP9Y, UTY, and BPY2 genes. The domains with unknown 3D structures that are not predictable with currently available theoretical methods are established as primary targets for crystallographic or NMR studies. The data presented here set up the basis for additional scientific discoveries in human biology of the Y chromosome, which plays a fundamental role in sex determination.
D
ue to an increasing gap between the overwhelming number of available protein sequences and experimentally determined protein structures, protein structure prediction has become an important venue with prolific applications in molecular biology (1) . Continuous progress in this field has led to a variety of approaches applicable to structure-functional annotation of proteins. In particular, the recent advances in fold recognition (FR) and ab initio (AI) areas resulted in several methods that can reveal reliable but unexpected links between proteins (2, 3) defying standard approaches such as PSI-BLAST (4) . FR͞AI tools offer opportunities to advance annotation of poorly characterized proteins, providing valuable information to guide scientific discoveries.
Using a bouquet of state-of-art methods, we propose a coherent, semiautomatic strategy for structure-functional annotation of proteins and apply it to protein sequences encoded by the male-specific region of the human Y chromosome (MSY). For many years this distinctive segment of the human genome, which plays a critical role in sex determination, has been considered a functional wasteland. Complete sequence of the MSY, which comprises 95% of the length of the chromosome, revealed at least 78 protein-coding genes that collectively encode 27 distinct proteins (5) . MSY genes participate in diverse processes such as skeletal growth, germ cell tumorigenesis, graft rejection, gonadal sex determination, and spermatogenic failure (6) . The biological significance of the MSY has begun to surface in recent years; however, many protein-coding genes await more-detailed studies to understand their exact biological functions at the molecular level (7) . Thus, comprehensive structural and functional annotation of the MSY-encoded proteins has a broad significance.
Methods
General Protocol. Sequences of all 27 distinct proteins demonstrated or hypothesized to be encoded by the MSY (5) first were subjected to Conserved Domain Database (CDD) (ref. 4 ; www.ncbi. nlm.nih.gov͞Structure͞cdd͞wrpsb.cgi) and Simple Modular Architecture Research Tool (SMART) (ref. 8 ; http:͞͞smart.emblheidelberg.de) searches to determine the conserved protein domains annotated in the SMART, Protein Families (Pfam) (9) , and Clusters of Orthologous Groups (COG) (10) databases. This analysis also included identification of transmembrane segments [TMHMM2 (11) ], signal peptides [SIGNALP (12) ], low compositional complexity [CEG (13) ], and coiled-coil [COILS2 (14) ] regions, as well as regions containing internal repeats [PROSPERO (15) ]. To define boundaries for regions with unknown structures that can be predicted easily by comparative modeling methods, the PDB-BLAST procedure [target sequence profile composed after five iterations of PSI-BLAST (4) on the nonredundant protein database run against the Protein Data Bank (PDB)] was applied. To avoid overprediction, which could mask other neighboring domains, regions containing multiple copies of the same structural motif and those that mapped to more than one domain in a template protein were also subjected to additional searches as single domains. Domains identified by CDD and͞or SMART but not by PDB-BLAST, as well as all remaining regions, were subjected to the Structure Prediction Meta Server (ref. 16 ; http:͞͞bioinfo.pl͞meta), which assembles various secondary structure prediction and top-of-the-line FR methods. These regions were divided further into single domains according to secondary structure predictions and preliminary results of FR searches and resubmitted to the Structure Prediction Meta Server. Collected models were screened with 3D-JURY (16), a consensus method of FR servers. Independently, all domains not annotated structurally with CDD and͞or SMART but with clear predicted secondary structure patterns were also modeled AI by using the ROSETTA program (3). Final fold assignments were based on the similarity of ROSETTA and high-scoring 3D-JURY models, in addition to the compatibility of target-family-specific features (including predicted secondary structure) with characteristic features of the template͞fold. Finally, domain boundaries for each region classified in Table 1 were assessed manually, taking into account all components of the performed analysis, which in many cases included 3D-model building. regions (for which alignment is meaningful) between target sequence and template(s). (19) . The results of this structure-functional annotation are presented in Table 1 and summarized in Fig. 1 . Table 1 illustrates what human expertise can accomplish with the aid of the currently available automatic methods and reports the key findings of our analysis. Importantly, because the majority of MSY proteins are modular, a complete understanding of the specific role played by each requires identification and characterization of all enclosed domains. The application of PDB-BLAST allowed for detection of 31 domains of known structure, which in total encompass 4,446 (31%) of the analyzed 14,171 amino acids encoded by all 27 distinct MSY genes. In many of these cases, detailed sequence analysis combined with 3D-model building enabled us to redefine the exact number of repetitive domains or motifs contained within MSY-encoded proteins. In particular, we show that the ubiquitously transcribed tetratricopeptide repeat (TPR) protein on the Y chromosome (UTY) includes as many as nine TPRs. Interestingly, we have also detected as many as eight WD40 repeats in the C-terminal region of transducin ␤-like 1 Y protein (TBL1Y) that possibly forms an eight-bladed ␤-propeller in contrast to the structurally homologous protein most similar in sequence, the C-terminal WD40 domain of Tup1 (20) , which has a seven-bladed ␤-propeller structure. SMART/CDD searches assigned 3D structure to eight more domains covering 905 Unstructured region, internal repeats † GI number of the corresponding protein product. ‡ Region boundaries are estimated manually based on secondary structure prediction, tertiary fold recognition, and SMART͞CDD searches. For regions that can be modeled by using available structural information, these can also include residues (present in template protein) that are located outside the structural domain. Regions Ͻ30 residues and those with the most ambiguous assignments are not listed. § Regions for which 3D structure can be predicted with confidence are shown in bold type, possible structural assignments are denoted in italic type, and the most difficult but reliable are underlined. For domains annotated in SMART (S) or PFAM (P), names of entry and database are given in parentheses; the asterisk stands for available structural information. As a necessary disclaimer, the database entry name may not correspond to the exact function of the protein in question. ¶ PDB ID codes of the template structures not detectable by PDB-BLAST but SMART and͞or CDD are shown in italic type, those detected only by FR͞AI techniques (3D-JURY͞ROSETTA) are shown in bold type. ʈ Length of the longest splice variant. † † Structure solved for the analyzed MSY protein sequence. ‡ ‡ Protein products of these two isoforms display 93% of sequence identity. ¶ ¶ Length of the longest family member. § § Possible protein sequence errors due to incorrect assignment of intron͞exon boundaries.
Results and Discussion
residues (6%). Reliability of these hits was confirmed further with the consensus of FR methods, 3D-JURY meta predictor, which assigned an above-threshold confidence scores (2) in a majority of these cases. For an additional three domains [234 amino acids (2%)] identified in this study, the tertiary structure was predicted confidently by using both FR and AI approaches. Although these predictions appeared in the 3D-JURY system as weak hits with below-threshold scores, structures similar to the highest-scoring 3D-JURY models were obtained independently with the ROSETTA program. Transmembrane segments [274 amino acids (2%)] were detected in four proteins including a testis-specific XK-related protein Y (XKRY), a putative membrane transport protein. In addition, secondary structure-rich regions, which with all likelihood form compact globular domains, covered 4,301 amino acids (30%). Because no confident structural assignments could be made with currently available computational methods, these regions await experimental (NMR or crystallographic) studies. Importantly, a majority of these domains were identified in this study. For seven of these domains, hypotheses about their possible folds were suggested (Table 1) . For example, taking into account potential domain insertions resulted in the detection of a previously uncharacterized domain in both Y isoforms of ribosomal protein S4 homologue (RPS4Y) that may form an oligonucleotide/oligosaccharide-binding (OB) fold structure. Interestingly, as much as 19% of encoded residues (2,634 amino acids) corresponds to potentially unstructured nonglobular regions, including the whole sequence of a testis-specific variably charged protein Y (VCY). The remaining 10% (1,377 amino acids) includes all segments Ͻ30 residues (mainly linkers between domains) as well as regions that could not be assigned with confidence to any of the former classes. In conclusion, 27 distinct MSY genes encode at least 60 domains, of which 42 (70%) were mapped reliably to currently known structure space.
Biological Significance of the MSY-Encoded Proteins.
With the structure-functional annotation of MSY-encoded proteins, a coherent view of their specific biological roles begins to emerge. Importantly, a majority of these proteins, particularly those directly involved in sex determination or spermatogenesis, are responsible for regulation of gene expression on several different levels such as transcription, pre-mRNA processing, and translation. First, a number of DNA-binding domains were detected in several proteins encoded by MSY genes, such as SRY (HMG), HSFY (HSF), ZFY (ZfxZfyact and ZnFC2H2) or SMCY (BRIGHT) (see Table 1 ), which act as transcriptional regulators. MSY-encoded proteins such as UTY (TPR) or TBL1Y (WD40 repeats) participate in proteinprotein interactions important for assembly and activity of multicomponent complexes involved in transcriptional repression (21) . Some of the identified domains (e.g., JmjC) have a probable regulatory role in these complexes. Because eukaryotic gene regulation occurs within the context of chromatin, a few MSY genes encode domains taking part in histone binding (N-terminal region of TBL1Y) or histone acetylation (ECH, which in CDY protein is acetyltransferase) (22) . In addition, the CDY protein contains a CHROMO domain, which by altering the structure of chromatin plays a critical role in mammalian spermatogenesis in histone-toprotamine transition. Second, several Y-linked proteins regulate gene expression at the level of pre-mRNA processing, including RBMY (RRM) and possibly DBY (helicase domain) (23) . Third, some MSY-encoded proteins seem to be required for a maximal rate of protein biosynthesis [e.g., translation initiation factor 1A Y Regions that could not be aligned with confidence by using the consensus alignment approach and 3D assessment, as well as those that may not be structurally conserved, are not shown. The numbers in square brackets specify the number of excluded residues. Uncharged residues in mostly hydrophobic sites are highlighted in yellow, polar residues at mostly hydrophilic sites are highlighted in light gray, and small residues at positions occupied by mostly small residues are shown in red letters. Conserved cysteine residues forming a zinc-binding site are highlighted in black. Locations of the secondary structure elements in UTY (consensus of secondary structure predictions) and Rabphilin-3A are marked above the sequences. The color shading of secondary structure elements corresponds to those in the respective structural diagrams. Secondary structure elements not shown in the alignment panel but presented in structural diagrams are colored white. The same presentation scheme is used for Figs. 3 and 4 . Fig. 1 . Summary of structure prediction for the complete set of proteins encoded by 27 distinct MSY genes. The following classes together with the number and the percentage of encompassed amino acids are presented: 3D structure assigned with PDB-BLAST; 3D structure assigned with SMART/CDD; 3D structure assigned with FR/AI methods; structured regions with clear secondary structure prediction patterns but not annotated at the 3D level (include separate domains as well as regions that possibly pack on the neighboring domains); transmembrane regions; unstructured nonglobular regions; and other, remaining regions encompassing segments Ͻ30 residues (mainly linkers between domains) and regions that could not be assigned with confidence to any of the former classes.
(EIF1AY)]. Regulatory roles of the genes implicated in spermatogenesis also can be achieved at the level of the protein turnover, which is controlled by ubiquitin-specific protease 9 Y (USP9Y) (24) .
Genes, which do not seem to be directly involved in sex determination or spermatogenesis, seem to play crucial roles in developmental processes. These genes are likely to enhance reproductive function and performance in sperm competition, because their functions may provide an advantage in male-tomale contest (25) . In particular, genes such as AMELY and TMSB4Y play important roles in tooth development and the organization of the cytoskeleton, respectively (26) . Two other genes expressed predominantly in the brain (PCDH11Y and NGLN4Y) encode cell-surface proteins involved in cell-cell interactions and cell adhesion (27) . These genes thus may provide a basis for sexually dimorphic features such as stature, tooth development, or behavior (brain), which could influence the ability to attract a partner.
Prediction Highlights. The most challenging domain predictions for us were unexpected but confident structural assignments for three domains (encoded by the UTY, USP9Y, and BPY2 genes) identified in this study. Prediction of the tertiary structure for these domains adds to their functional characterization; however, exact roles and detailed mechanisms of their action need to be elucidated through additional biochemical experiments. Discussion of these three domains follows. The C-terminal domain of UTY is a treble-clef zinc finger. UTY protein encoded by the X-degenerate UTY gene starts from nine TPRs shown to be responsible for the protein-protein interactions with the N-terminal Q domain of TLE1 (28) . UTY also contains the Jumonji (JmjC) domain, which is homologous to an aspartyl hydrolase enzyme [factor-inhibiting HIF-1 (FIH-1)] of known structure (29) . In addition to these previously described domains, we identified an uncharacterized C-terminal domain as a treble-clef zinc finger (30) with conserved cysteine residues (Cys-1278, Cys-1281, Cys-1305, and Cys-1308) taking part in the coordination of a zinc ion (Fig. 2) . With the evidence that mammalian UTY and TLE proteins may form a transcription repressor complex and mediate repression mechanisms to some extent similar to those performed by SSN6-TUP1 in yeast; a unique biological role of the SSN6 mammalian counterpart, UTY, mediated through the JmjC and zinc-finger domains emerges. While JmjC has a probable regulatory function, the treble-clef zinc-finger domain may be responsible for direct DNA binding or for interactions with other proteins such as DNA-binding factors or other elements of the repressor complex. Interestingly, another MSY protein, TBL1Y, displays structural and functional similarities to TUP1 and Groucho͞TLE corepressors, sharing with them WD40 repeats as well as the ability to interact with histones. In addition, SSN6 has been shown to interact through its TPR repeats with the DNA-binding homeodomain (HOX) of the protein Mat␣2 (31) , and this domain is also encoded by one of the MSY genes, TGIF2LY. This rather unlikely coincidence raises the exciting possibility that these three MSY-encoded proteins could form a common repression complex. USP9Y encloses ubiquitin-like domain. Widely expressed in embryonic and adult tissues, the USP9Y (32) gene is known to encode ubiquitin-specific protease 9 Y (USP9Y), which contains a ubiquitin C-terminal hydrolase domain. Involvement of USP9Y in male infertility emphasizes a special requirement for certain components of the ubiquitin system in spermatogenesis. USP9Y, a member of a family of deubiquitinating genes, thus may play an important regulatory role at the level of protein turnover by preventing degradation of proteins by the proteasome through the removal of ubiquitin from protein-ubiquitin conjugates, similar to its Drosophila melanogaster homolog FAF (33) . Interestingly, we found four cysteine residues (Cys-1726, Cys-1729, Cys-1773, and Cys-1776) in the Fingers domain of USP9Y ubiquitin C-terminal hydrolase that may coordinate a zinc ion. These cysteines present in the region forming the zinc ribbon-like structure are absent in the structurally homologous protein most similar in sequence, the catalytic core domain of HAUSP (34) . We also detected three previously uncharacterized, long ␣-helical regions located on both sides of the ubiquitin C-terminal hydrolase domain, which may form a righthanded superhelical structure. The most unexpected finding was detection and structural characterization of another previously unknown domain located in the N-terminal region of USP9Y between the first two ␣-helical regions. This domain has a ␤-grasp fold characteristic of ubiquitin-like proteins (Fig. 3) . Moreover, we argue that this ubiquitin-like domain is a distant homolog of other ubiquitin-like proteins, and we hypothesize that its function is to target the USP9Y protein to its specific cellular localization. Taking a possible regulatory role of USP9Y in protecting proteins from being degraded by the proteasome, the ␤-grasp domain may tether the ubiquitin C-terminal hydrolase to the proteasome through an interaction with ubiquitin-binding sites; however, without additional experimental evidence, other possible roles (including direct inhibition of ubiquitin hydrolase domain) cannot be excluded unequivocally. BPY2 forms a winged helix-turn-helix (HTH)-like structure. Expressed exclusively in testis basic protein Y 2 (BPY2) is likely to function in male germ cell development because of its specific localization in germ cell nuclei. Involvement of the BPY2 gene in the pathogenesis of male infertility (35) as well as in prostate cancer (36) has been suggested, but little is known about the specific role of its encoded protein. Importantly, this protein represents singleton without detectable sequence homologs. We predicted that BPY2 forms a winged HTH-like domain with a 3D structure similar to the N-terminal DNA-binding domain of arginine repressor (37) (Fig. 4) . The sequence-to-structure alignment in Fig. 4c encompasses only the N-terminal region of BPY2 with the HTH-like motif formed by the second and third ␣-helices, because considerable ambiguity exists in obtaining a reliable mapping within the C-terminal ␤-hairpin. However, this finding points to a possible role of this highly charged protein in DNA or RNA binding through the HTH-like motif. In addition, previous experimental studies show that the BPY2 protein interacts with the HECT domain of ubiquitin-protein ligase E3A (UBE3A) and that UBE3A ubiquitination may be required for BPY2 function (38) .
Conclusions
The data presented in this study provide a comprehensive view of the proteins encoded by MSY genes, which have been implicated in several human diseases such as Turner syndrome, gonadal sex reversal, spermatogenic failure, and gonadoblastoma. Importantly, knowledge of 3D structure for MSY-encoded proteins is a prerequisite for a better understanding of Y-specific biological processes, providing some level of insight into their molecular functions, mechanisms of action, and substrate specificities and aiding in the design of experiments. In addition, identification of domains for which tertiary structure is not (confidently) predictable with the currently available theoretical approaches is of importance for crystallographers or NMR spectroscopists. These domains including, among others, whole proteins encoded by TSPY and PRY genes become primary targets for structural studies and may encompass new folds. The structural and functional description of the MSYencoded proteins presented here sets up a basis for additional biological discoveries in human biology.
